We present dark tridents, a new channel for exploring dark sectors in short-baseline neutrino experiments. Dark tridents are clean, distinct events where, like neutrino tridents, the scattering of a very weakly coupled particle leads to the production of a lepton-antilepton pair. Dark trident production occurs in models where long-lived dark-sector particles are produced along with the neutrinos in a beam-dump environment and interact with neutrino detectors downstream, producing an on-shell boson which decays into a pair of charged leptons. We focus on a simple model where the dark matter particle interacts with the standard model exclusively through a dark photon, and concentrate on the region of parameter space where the dark photon mass is smaller than twice that of the dark matter particle and hence decays exclusively into standard-model particles. We compute event rates and discuss search strategies for dark tridents from dark matter at the current and upcoming liquid argon detectors aligned with the Booster beam at Fermilab -MicroBooNE, SBND, and ICARUS -assuming the dark sector particles are produced off-axis in the higher energy NuMI beam. We find that MicroBooNE has already recorded enough data to be competitive with existing bounds on this dark sector model, and that new regions of parameter space will be probed with future data and experiments. arXiv:1809.06388v1 [hep-ph] 17 Sep 2018 * Dark matter models with light mediators have also been proposed in other contexts [18] [19] [20] .
I. INTRODUCTION
The nature of dark matter remains a fascinating puzzle for particle physics and cosmology. Its resolution seems to point, almost unambiguously, to the existence of degrees of freedom not accounted for in the standard model of particle physics. On the particle physics side, terrestrial and astrophysical searches for a dark matter fundamental particle have yet to bear any fruit. The current situation strongly suggests broadening the search strategy, exploring options outside of the traditional ones. On a separate front, the discovery of neutrino masses has also demonstrated that the standard model is incomplete. Many experiments have been, and are being, built in order to fully explore the new physics revealed by neutrino oscillation experiments. Over the past several years, experiments that make use of intense neutrino beams have been exploited as potential laboratories for dark matter searches [1] [2] [3] [4] [5] [6] [7] . Most of these proposals and searches focused on neutral-current-like dark matter-nucleus scattering in the near detectors of present and future neutrino experiments. The current and next generation of neutrino detectors, particularly those using liquid argon technology, boast excellent tracking, particle ID, and resolution, and are capable of conducting a broader set of searches for new phenomena (see [8] [9] [10] [11] for some recent proposals). This paper aims to further explore these capabilities.
We introduce and discuss the dark trident, a new channel for searches for light and weakly-coupled dark sector particles in neutrino-beam experiments. The signal, depicted in Figure 1 , consists of the production of one or more lepton-antilepton resonances in a near detector. This is not unlike neutrino trident production, ν+N → ν+N + + + − , where N is some nuclear state and is a charged lepton, hence the denomination. The dark trident topology is expected to be clean and, under the right circumstances, the irreducible standard model backgrounds are very small. We discuss these issues in detail in Section IV. We comment on multi-trident production in Section V.
Searching for new physics in dilepton resonances in fixed target experiments is commonplace [12] [13] [14] [15] . In the simplest models, the new resonance is produced at the target and decays inside or near an instrumented detector volume. Neutrino facilities, where the near detector is usually placed hundreds of meters downstream of the target, have sensitivity to regions of parameter space where the new resonance is long-lived enough to reach the detector. This implies small couplings and in turn suppressed production rates (though some sensitivity remains if the backgrounds are low [2] ). Probing models with stronger couplings, where the typical decay lengths are of order a few meters, requires detectors located very close to the target region (see for example [15] ) while probing models where the decay is even more prompt requires different experimental strategies, such as thin targets (see, for example, [12] [13] [14] ).
Here, instead, we explore a different scenario, motivated by the possibility that the dark matter particle (or one of the dark matter particles) is a light weakly-interacting massive particle (we consider masses between an MeV and a GeV). In this case, if the dark matter particle is a thermal relic -i.e., if at any point in the universe's history it was in thermal equilibrium with the standard model particles -one must also postulate the existence of new interactions 
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None of the standard model particles are charged under U (1) D but, assuming the U (1) D symmetry is broken, kinetic mixing allows the new gauge boson -the dark photon -to interact with charged standard model particles.
In this scenario, † it is possible to produce dark photons in the near detectors of neutrino beam experiments and have the dark photon decay predominantly and promptly into a lepton-antilepton pair, as depicted in Figure 1 . First, a dark matter particle χ is produced at the target. It is very long-lived and weakly interacting so it easily finds its way to the detector unperturbed, regardless of how far away it is. Second, the dark photon A is produced on-shell by in the collision of a dark matter particle with a nucleus. The dark photon decays promptly in the detector. The relevance of the dark trident channel depends dramatically on the parameters of the model. First, the branching ratio of the dark photon into leptons must be large. This can only be achieved if the decay of the dark photon into dark sector particles, including the dark matter particle, is forbidden, i.e., m A < 2m χ . Second, the probability of emitting a dark photon during χ scattering must be large. This requires the dark coupling constant to be large or the dark photon mass to be very small. Third, the dark matter production rate should not be too small. Here, the condition m A < 2m χ is a hindrance as it implies that dark matter production involves off-shell dark photon intermediate states.
The literature reveals [23, 24] that it is possible to produce enough dark matter particles when the dark photons are off-shell, an issue we discuss in detail in Sec. III. Previous studies considered only leading-order dark-matter-nucleus scattering as the detection signal. One narrow interpretation of our contribution is that we are exploring the benefits of the rarer, but much more distinct, detection signal in the region of parameter space where dark matter production is suppressed.
The dark trident signal provides ample experimental handles. In the remainder of this manuscript, we study the phenomenology of the signal and show that, for our benchmark dark matter model, off-axis liquid argon detectors, including the ones currently running or under construction at Fermilab, have improved sensitivity because neutrino backgrounds can be suppressed [5] . The kinematics of dark trident events, including angular distributions, invariant mass, as well as particle identification will be useful in further suppressing backgrounds.
II. A BENCHMARK MODEL
We consider the model where a fermionic dark matter particle χ with mass M χ interacts with those in the standard model through a massive dark photon A with mass M A and its kinetic mixing with the photon. The Lagrangian takes the form
where ε is the kinetic mixing parameter and g D is the gauge coupling associated to the dark U (1) D . We define the dark fine-structure constant α D ≡ g 2 D /(4π). The new interactions are such that χ can only be pair produced, rendering it absolutely stable and a dark matter candidate.
As far as the relic density of the χ particle is concerned, when M A > M χ , χ annihilates exclusively to SM fermions through the kinetically mixed dark photon. The relic density is set by the dark matter annihilation cross section,
where Γ A (2M χ ) is the decay width of A to SM fermions, evaluated when its mass is equal to 2M χ , which in turn is related to the R ratio. . For points in the parameters space that lie above these lines, the thermal relic density of χ particles is too small to make up all of the dark matter. Nonetheless, because we are interested in small (sub-GeV) dark matter masses, there are strong constraints on χ +χ-annihilations during the formation of the cosmic microwave background (CMB) [25] . The Planck experiment sets a lower limit on ε which excludes the orange-line-bounded region in Fig. 2 (left) [26, 27] . These CMB constraints, however, would be absent if the dark matter candidate were a boson instead of a fermion, since the annihilation is p-wave suppressed in the case of a boson. When M A < M χ , χ's can annihilate to two dark photons and, in the limit where ε is small, the relic density is exclusively determined by the parameters of the dark sector. This scenario is known as secluded dark matter [16] . Quantitatively, in the non-relativistic limit
For the annihilation cross section at arbitrary center-of-mass energy, see [28] . For the dark-sector parameters of interest here -large g D , sub-GeV masses -this annihilation cross-section is very large and the thermal relic density of χ particles is always very small. For this reason, there is no dot-dashed line or orange line in the right-hand panels of Figs. 2 and 3 , which depict the region of M A × ε 2 parameter space where M χ = 2M A . ‡ We are interested in the region of parameter space where the thermal relic abundance of χ is just right or relatively too small. In this case, χ either makes up only a fraction of the dark matter of the universe or the χ relic abundance is not trivially related to its thermal relic abundance. For example, it could be a consequence of a dynamically generated χ-χ asymmetry: asymmetric dark matter [31, 32] . In this case, the "larger-than-thermal" cross section may be important for removing the symmetric dark matter component. If χ does constitute all of the dark matter, direct detection limits with electron scattering from XENON10 [33] and XENON100 [34] apply. These are depicted as green-shaded regions in Fig. 3 . The distinction between Figs. 2 and 3 is as follows. In Fig. 2 , we assume χ to be a thermal, "symmetric" relic and, for the parameters of interest here, χ makes up only a small fraction of the dark matter. In Fig. 3 , we assume χ to be asymmetric dark matter and assuming it makes up all the dark matter, direct detection bounds are formidable competitors to the signal we will ultimately discuss here.
As far as laboratory constraints are concerned, it is important to distinguish whether the dark photon can or cannot decay to dark matter. When M A > 2M χ , dark matter can be produced by A decays. This can lead to relatively intense dark matter beams in fixed target setups [1] , allowing for interesting dark matter search strategies [3] [4] [5] [6] [7] . If, instead, M A < 2M χ , dark matter is, phenomenologically speaking, darker since its production requires an off-shell dark photon. This region is the focus of this work. There are several existing laboratory constraints on this model, including limits from rare pion decays at NA48/2 [35] , beam dump experiments such as E137 [36] , E141 [37] , and E774 [38] , as well as searches for promptly decaying dark photon events at BaBar [39] . These translate into the labelled purple and blue excluded regions of the M A × ε 2 parameter space, depicted in Figs. 2 and 3. Previous studies have considered DM production through an off-shell A at LSND [24] and E137 at SLAC [23] , with detection occurring through a neutral-current-like scattering. As the beam energy at LSND was only 800 MeV, DM production occurs overwhelmingly through π 0 decay and the bounds are weak for higher A and χ masses [24] . The beam energy at E137 [23] was 20 GeV and DM pairs were produced mostly through bremsstrahlung. The E137 bounds are subdominant to those coming from LSND. The bounds from [24] are depicted as green-shaded regions in Fig. 2 § . We omit these curves from Fig. 3 , since they are surpassed by those from direct detection.
In Figs. 2 and 3 we present the outcome of our dark matter trident analysis, the details of which are contained in the following sections. In each case, the region above the solid black, gold, and red line corresponds to the part of parameter space where we expect MicroBooNE, SBND, and ICARUS, respectively, to produce 10 or more dark § In comparison with Ref. [24] , we include a scaling factor on the bounds from LSND (on the parameter ε 2 ) of 3.62 for α D = 0.1 to correct for errors in previous works [40] . This conversion factor is determined by comparing Refs. [24] and [11] . Fig. 2 but for the case of asymmetric dark matter. In order to efficiently deplete the symmetric relic density, the annihilation cross section needs to be above the thermal one. For the left panels, this corresponds to values of ε larger than those of the thermal (blue, dot-dashed) curves. The xenon direct detection experiments excluded the green-colored regions.
trident events after 8 × 10 21 protons on target (POT) delivered. We assume in these plots that the detector efficiency is 100%. We address this assumption below. In the case of MicroBooNE, we also show the region with at least 10 events after 10 21 POT, which is the amount of data the experiment has already recorded from the NuMI beam. We see that, with the exception of a non-thermal dark matter relic with M χ /M A = 2, an analysis of existing MicroBooNE data will supersede the present experimental constraints and in some cases future analysis can even close the gap to the cosmological constraints, ruling out completely a range of dark matter masses.
III. OFF-AXIS DARK MATTER BEAM
In a proton fixed-target environment, light dark matter (masses below several hundred MeV) is most efficiently produced in the decay of neutral hadrons. These facilities benefit from a large number of high energy POT, each of which produces several neutral mesons. For the parameter space of interest here (M A < 2M χ , M A 100 MeV), the most important production channels involve light neutral mesons, see the Feynman diagram in Fig. 1 (left) ,
These processes occur via an off-shell dark photon A and its kinetic mixing with the photon. The production via ρmeson decay, ρ 0 → χχ, is less important given its very broad width. In addition to meson decay, dark matter particles are also pair-produced via the Drell-Yan process. For center-of-mass energies above ∼ 1.7 GeV, this production rate can be safely calculated using the parton model. Given the masses and couplings of interest here, we find the Drell-Yan production rate to be several orders of magnitude smaller than that of meson decays and will not include the contribution of this channel. The dark matter beam produced in our scenario is significantly broader than the neutrino beam. This is due to two effects. (1) The parent particles of the neutrinos are charged pions/kaons, which are focused by the magnetic horns. More precisely, the magnetic horns only focus one charge of pions while the other sign is defocussed; the net effect is still to increase the forward neutrino flux. The parents of the χ particles are neutral mesons which are unaffected by the magnetic horn. (2) Neutrinos are predominantly produced in two-body decays (e.g. π + → µ + + ν), while the χ's are produced in three-body decays. As a result, detectors located away from the proton beam axis will have a larger signal to background ratio and potentially improved reach. This preference for off-axis detectors is a useful approach to reducing the beam-induced neutrino backgrounds in a large class of exotic searches.
Quantitatively, we consider the NuMI beam at Fermilab -a 120 GeV proton beam striking a graphite target -and simulate the production of meson m = π 0 , η using PYTHIA8. For every POT, roughly c π 0 = 4.5 π 0 s and c η = 0.5 η mesons are produced. As a result, the number of dark matter particles produced for each parent meson channel is
where the dimensionless function I(x, y) is related to the ratio of partial widths Γ(m → γχχ)/Γ(m → γγ). Explicitly,
This function is O(1) over most of the parameter range of interest. In the limit m m 2M χ M A , however, I ∼ log m 2 m /M 2 χ due to soft or collinear infrared effects. We simulate the NuMI dark matter angular distributions and energy spectra from π 0 , η decays on an event-by-event basis. The double-differential distributions are depicted in Fig. 4 (left) , for ε = 10 −3 , M χ = 30 MeV and M A = 50 MeV. Here θ χ is the off-axis angle and E χ is the dark matter energy, both in the lab frame. The χ angular distribution is largely insensitive to M χ as long as it is well below the kinematic threshold of the decay.
For comparison, we produced a rough estimate of the angle and energy distribution for the neutrino beam, depicted in Fig. 4 (right) . Neutrinos are produced mainly from the decay of charged pions and kaons, one sign of which are focused in the forward direction. We estimate the double-differential distribution of the neutrino flux as follows: we obtain the positively charged pion and kaon energies and momenta from the fixed-target collision using PYTHIA8, and then, as an approximation of focussing, modify their direction so they are moving along theẑ axis before decaying into neutrinos. Neutrinos from negatively charged pions are ignored. This estimate is meant for illustrative purposes only. It overestimates both the focussing of right-sign pions and the defocussing of wrong-sign pions. We do not use the neutrino information depicted in Fig. 4 (right) elsewhere in this manuscript. Instead, when we discuss background estimates, we use the NuMI neutrino flux at MicroBooNE reported by the collaboration [41] .
As expected, the dark matter beam is less focused than the neutrino beam. The insert in Fig. 4 depicts the different angular distributions (the energy integral of the corresponding double-differential distributions) for χ and for neutrinos, where the neutrino differential distribution is multiplied by 10 −9 so it fits in the same display window. Detectors located off-axis with respect to the neutrino beam direction witness an enhanced dark matter flux to neutrino flux ratio. This is useful for suppressing the neutrino background in the dark matter detection. Furthermore, the NuMI beam is 120 GeV compared to the 8 GeV Booster Neutrino Beam. This allows for production of higher energy dark matter beams.
There are three liquid argon (LAr) detectors aligned with the Booster Neutrino Beam at Fermilab and off-axis relative to the higher energy NuMI beam: MicroBooNE, ICARUS and SBND. MicroBooNE is currently taking data, ICARUS is being installed and commissioned, and SBND is in the design and construction phase. MicroBooNE has already collected over 10 21 POT from NuMI. By 2024, we expect each experiment to be exposed to almost 10 22 POT from NuMI [42] . All are designed for reconstructing and measuring charged tracks and efficiently discriminating different final-state particles, including electrons, photons, muons, pions, and protons. Table I lists the off-axis angle, distance from the NuMI target, and active LAr mass for each detector. Their off-axis angles are also indicated in Fig. 4 (solid, vertical lines) .
The number of χ particles that reaches a point-like detector from the NuMI target is χ from π 0 χ from η In the insert we show the energy-integrated χ particle flux as a function of the production angle, 684 meters away from the NuMI target, due to π 0 (blue) and η (orange) decays as well as the off-axis angular distribution of the neutrino flux (gray).
The neutrino flux has been rescaled by 10 −9 . A larger fraction of χ's are produced off-axis as compared to neutrinos. where R det is the distance to the detector and A det is its cross sectional area. For reference, in the mass range of interest, approximately 10 −5 of the χ particles produced at NuMI pass through the MicroBooNE detector. The signal event rate is proportional to the number of dark matter particles traversing the detector multiplied by the probability that it interacts in the detector volume, which is proportional to the geometric depth of the detector and the number density of scatterers. The area in Eq. (3.4) combines with the depth to yield a volume, which multiplied by the number density is proportional to total mass. The figure of merit for the rate of any signal is thus proportional to the χ production rate at the detector's angle times the detector mass. Table I also lists this figure of merit for each detector, normalized to that of MicroBooNE. ICARUS has a relative advantage due to its larger mass while SNBD sees a smaller dark matter flux because of the relatively large off-axis angle. In the following section, we focus on the dark trident signal, its rate, and its various properties that are relevant for all of these detectors. A detailed understanding of the idiosyncrasies of each individual experiment, required in order to properly compare the sensitivity of the different LAr detectors along the Fermilab Booster Beam, is beyond the scope of this manuscript.
IV. DARK TRIDENT SIGNAL
The incoming beam of relativistic dark matter can scatter off an argon nucleus via a t-channel dark photon exchange, mimicking the neutral current interaction of a neutrino with argon. At higher order in the dark gauge coupling g D , there are processes where this scatter is accompanied with additional dark photon emission. We consider here the case where a single dark photon is radiated off the initial or final-state χ and leave the discussion of multiple emissions to Section V. Since we consider the regime M A < 2M χ , the emitted dark photon(s) will decay to e ± or µ ± pairs. The case of single A emission the final state is a dark trident, the corresponding Feynman diagram depicted in Fig. 1 The dark matter to dark photon mass ratio is set to 0.6 (2) in the left (right) plot. The black curves in the same plots show the Helm form factor F (q 2 ). In the left plot F (q 2 ) has been scaled by 0.6 for clarity.
(right). In what follows we will use three benchmarks to illustrate kinematic distributions and efficiency rates. We consider M A = 100 MeV, 50 MeV, 10 MeV, and M χ /M A = 0.6. The results are similar for other values of M χ /M A . Although the lightest M A point is already ruled out, we believe it is still useful in order to estimate how the results evolve with mass. For a light A , the scattering on argon is largely coherent and is enhanced by a factor of Z 2 Ar ∼ 300. However, as the magnitude of the exchanged momentum q ≡ |q 2 | increases, coherence is lost. This is accounted for through the inclusion of a form factor, F (q 2 ), and here we adopt the Helm form factor [43] F (q 2 ) = 3j 1 (qR 1 )
where j 1 is the spherical Bessel function of the first kind, R 1 = c 2 + 7π 2 a 2 /3 − 5s 2 , c = (1.23A 1/3 − 0.6) fm, s = 0.9 fm, and a = 0.52 fm. The atomic number of the target argon nucleus is A = 40. Numerically, we find that this form factor suppression becomes significant for q 150 MeV, see Figure 5 . With the inclusion of the form factor, the total event rate is given by the convolution of the scattering cross section for the process χ + Ar → χ + Ar + A , σ(E χ ), for fixed incoming χ energy, E χ , and the number of incoming DM particles at each energy, Eq. (3.4),
We have assumed the detector is effectively point like so the total rate depends upon the angular location, Ω det , and its total mass, M det = n Ar A det L det , but not its orientation. As can be seen from Figure 1 , the number of signal events is proportional to
The dark trident signal arises when the final state A decays into e + e − (or µ + µ − ) pairs. Henceforth, because we are mostly interested in A masses around or below the µ + µ − threshold, we will consider exclusively the electronic channel, and assume the branching ratio for A → e + e − is one hundred percent. For the parameter space relevant to this work, the decay of A is prompt. The A produced through scattering with argon is boosted in the lab frame so the resulting e + e − are collimated. The four momenta of the outgoing lepton pair reconstruct the A mass. Thus, ignoring the electron mass, the lepton energies, E e ± , and opening angle, ∆θ, always satisfy the kinematical relation,
The existence of a resonance and the different kinematics of the dark matter signal and the neutrino background will allow separation of signal from background events. We address the issues of background rate and signal efficiency below, in Section IV A, but point out here that the true reach can only be determined by each experiment. Here we present the best case scenario, the region of the ε 2 −M A parameter space for which MicroBooNE, ICARUS, and SBND will have 10 or more dark trident signal events after a fixed amount of POT in the NuMI beam, assuming the efficiency for the signal is 100%. We consider two points in time -the present and the mid-20's. The MicroBooNE experiment has already collected over 10 21 POT from the NuMI beam. The region of parameter space where MicroBooNE expected to have already recorded ten signal events assuming maximum signal efficiency is depicted by the dashed black line in Fig. 2 and Fig. 3 . On the other hand, the NuMI beam is expected to run until 2024 and it is not overly optimistic to assume it will collect over 8 × 10 21 POT. The region of parameter space where the three different LAr experiments are expected to record ten signal events assuming maximum signal efficiency is depicted by the solid lines in Fig. 2 and Fig. 3 , the color coding is indicated in the figure. As we will argue below, (our estimate of) the efficiency is high for M A 50 MeV but for lower masses the efficiency drops and one would require more POTs to identify the same number of events. Taking efficiency into account, the curves in Figs. 2, 3 can be thought of as the contours for 10 dark trident signal events with luminosity rescaled by 1/efficiency. We emphasize that efficiencies and background rates will vary by experiment and can only be reliably determined by them. Furthermore, the ultimate results presented in Figure 2 , 3 assume equal exposure for all three experiments.
A. Estimates of Background Rates and Signal Efficiency
The irreducible background for our signal is SM trident production from the off-axis NuMI neutrino beam passing through the MicroBooNE detector. The SM neutrino trident production cross section is known to be very small [44, 45] , σ (E ν 10 GeV) ∼ 10 −6 pb. Using the officially reported NuMI neutrino flux at MicroBooNE [41] we estimate that there is less than a 1% chance of one neutrino trident event for 10 21 POT. Instead, the dominant background is reducible and comes from the normal neutrino charged current (CC) or neutral-current (NC) interactions dressed with additional π 0 radiation. These dressed events could fake the trident signal if photons are misidentified as electrons. In addition, γ emission can also fake the signal. The associated rate is sufficiently small and can be ignored.
Based on the officially reported NuMI neutrino flux at MicroBooNE [41] and the ArgoNeuT measurement of the CC scattering cross section on argon [46] , we estimate ∼ 6 × 10 4 (3000) ν µ (ν e ) CC events at MicroBooNE, for 10 21 POT. The ν e CC events can fake the signal if dressed by a π 0 , the rate for which was measured at MINERvA [47] . We expect ∼ 600 events. The ν µ CC events will not fake the signal unless a muon is misidentified as an electron, and the event is dressed with a π 0 . However, ν µ NC events need only be dressed with a π 0 (NCπ 0 ) to fake the signal. The ratio of this rate to the CC rate was measured at ArgoNeuT [48] and is σ N Cπ 0 /σ CC ∼ 0.14. Thus, we expect ∼ 8000 such events. Liquid argon detectors have the capability of precise particle identification. Leveraging features like energy deposition and the decay length of photons in liquid argon [49] , we expect low misidentification rates, such as ∼ 10 −2 for confusing a π 0 with an electron or 10 −3 for confusing a π 0 with an electron pair. With this level of background rejection, we expect a total of O(15) background events, before taking into account the invariant mass peak of the signal we are searching for, which is lacking in the background.
It is interesting to compare the signal and background rates for an off-axis detector like MicroBooNE to those for a more on-axis detector like NOvA, or in the future DUNE ¶ . The signal rate for a detector at the same off-axis angle as NOvA (14 mrad) is larger than that at the angle of MicroBooNE by a factor of 20. On the other hand, backgrounds are roughly 200 times larger. Thus, the search for dark tridents changes from being a statistics-limited analysis to being a systematics-limited one. Therefore, one must understand the background rate more precisely than we have.
The DM trident signal is a rich final state providing many observables that LAr detectors can measure precisely, allowing signal to be separated from backgrounds. The two electron tracks reconstruct a resonance of fixed invariant mass Eq. (4.4), the reconstructed A momentum points back to the target, and the arrival of the electrons is in time and with respect to the recoiling argon nucleus direction (θ A −Ar ), for three dark matter and dark photon mass combinations. We fix the dark matter to dark photon mass ratio to be Mχ/M A = 0.6. Note the different ranges in the axes of the different panels.
with the beam. There may also be additional activity from the recoil of the argon nucleus that can potentially be observed and is correlated with the electron pair. In particular, the dark photon, reconstructed from the electron pair, tends to travel along the beam direction while the argon nucleus is mostly likely to travel in the orthogonal direction to the dark photon. These correlations are demonstrated in Fig. 6 . For light mediators (M A 100 MeV), the energy transfer to the argon nucleus is typically well below its binding energy and the hadronic activity will be small. In this case, we may further suppress the background by requiring very little hadronic activity in the events. Other cuts, such as requiring the charged leptons to have nearly the same track length, may also aid in reducing background events.
Since the e ± pair reconstructs a resonance, their energies and the opening angle between them are related, as discussed in Eq. (4.4) and depicted in Fig. 7 . There are minimum energy requirements for the LAr detectors to accurately measure the electrons' momentum and energy and the lepton pair must be sufficiently separated to be identified as two objects. Exactly what these requirements are depends on complicated detector issues, but it is clear from Eq. (4.4) and Fig. 7 that lighter A decays will be harder to identify as the signal. Rather than attempt a detailed detector simulation, we investigate the effects of some reasonable requirements on the lepton energies and ∆θ. In Table II , we list the efficiency for the events to pass a series of requirements on the leptons for a few benchmarks. We consider two choices for energy cuts: a conservative choice, which requires both leptons to have E > 30 MeV, and a more aggressive one, which requires only the leading lepton energy to be above 30 MeV and that the other be above 5 MeV. In each case we consider requiring separation between the electrons of 5 • , 8 • , or 15 • ; these various cuts are depicted as lines in Fig. 7 . The heavier A benchmark passes all choices of cuts with high efficiency, whereas the lightest A benchmark only has reasonable efficiency for the more aggressive choice, where small angular separations are resolved.
V. BEYOND TRIDENT: MULTIPLE DARK PHOTON RADIATIONS
Here, we comment on the possibility of "multi-trident" dark matter production, where the incident χ flux generates the process χ + Ar → χ + Ar + nA , where n ≥ 2. The n on-shell A particles then decay to electron/positron pairs, producing a signal that is even more striking than a single dark trident event. This process's cross section depends on two features: first, M A must be light enough to be radiated on-shell; secondly, the coupling g D must be relatively large. In Table III , we show the relative number of events for n = 2 vs. n = 1 for three different combinations of M A and M χ . We see that the n = 2 cross section is more relevant for lighter A , and can be significant if α D ∼ 1. This is opposite to the effects of reconstruction efficiency discussed above: while lighter A may be harder to detect in the single-trident channel, the abundance of multi-trident events could make these searches more feasible.
The possibility of multi-trident events leads to interesting complications for event reconstruction. As discussed, see Fig. 7 , for boosted A decaying to e + e − , the electron and positron can have a small opening angle, making it difficult to identify a signal event. This problem is further complicated in multi-trident events, and there is a possibility of four charged leptons being identified as 1, 2, 3, or 4 independent tracks. Additionally, we discussed using the invariant mass of the charged lepton pair as a way to reduce neutrino-related backgrounds. With multi-trident events, combinatorics makes it more difficult to identify which tracks originated from the same A , complicating this reconstruction. We leave an analysis of this more complicated final state to future work.
VI. CONCLUSION AND OUTLOOK
In this work, we explore a new channel for neutrino experiments to probe the dark sector. The dark trident signal consists of a resonant dilepton pair from the prompt decay of a dark photon, which is produced in the collision of a dark state with a nucleus. We consider a simple model where the dark matter interacts through the dark photon portal. Our study focuses on the parameter space where the dark photon cannot decay into dark matter particles and visible decays dominate. In this case, a dark matter beam can be created in fixed-target collisions through the production of off-shell dark photons. The dark tridents are then created downstream in DM-nucleus collisions.
Within this model, we have shown that the dark matter beam is broader than the neutrino beam. As a result, the ratio of dark trident signal to neutrino backgrounds is larger for detectors that are a few degrees off-axis. We thus consider dark matter produced at the NuMI target at Fermilab and then travels to the off-axis liquid argon detectors, MicroBooNE, ICARUS and SBND. This allows one to search for dark tridents with low background rates and to probe currently unexplored regions of parameter space, as depicted in Figs. 2 and 3 . On-axis detectors may also probe this dark sector model, but require a more precise understanding of the background when compared to the off-axis case. One can also envision dark trident signals induced by new physics in neutrino scattering (e.g. [21, 22] ). In these cases, on-axis detectors would preform better than off-axis ones.
We have studied the expected efficiency for dark tridents based on the planned capabilities of LAr detectors and found interesting complementary effects. When the dark photon is relatively heavy, of order 100 MeV, the opening angle between the daughter electron and positron is sizable and the expected reconstruction efficiency is high. In the region of lighter A , of order 10 MeV, the leptons are more collinear and harder to reconstruct. However, in this region of parameter space, the signal rate is expected to be higher. In addition, we find that in this lighter A region the rate for multi-A production, which is likely a more distinct signal, is higher.
The current and upcoming SBN program at Fermilab has a promising opportunity to investigate dark sectors in the dark trident channel. The analysis of MicroBooNE data currently on tape is already capable of probing unexplored regions of the parameter space.
